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Abstract   Mutant forms of Superoxide Dismutase 1, SOD1, have been linked to Familial Amyotrophic Lateral Sclerosis, fALS. Interestingly, this link has been shown to be independent of both SOD1 catalytic activity as well as the observed presence of SOD1 rich aggregates in the spinal cords of patients with fALS. Current theories for disease development focus on the possible accumulation of a harmful SOD1 formation involving soluble oligomers. To study these oligomers, a method was developed to arrest transient SOD1 complexes by chemical crosslinking at various stages of aggregation. The results obtained establish the necessity for further augmentation of this methodology by both increasing the site‐specificity of crosslinkers as well as biasing the system to preferentially form intramolecular crosslinks. 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INTRODUCTION  
Lou Gehrig’s Disease/Amyotrophic Lateral Sclerosis 
Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease and is one of the most common neuromuscular conditions throughout the world. Along with Parkinson’s and Alzheimer’s diseases, ALS is one of the most widely recognized neurodegenerative diseases, as these three are considered the most devastating and untreatable examples of such conditions.  
  ALS is often referred to as Lou‐Gehrig’s Disease in North America in honor of the famous New York Yankees baseball player, who was diagnosed with ALS in 1939 and died just two years later due to the condition (1). Today, the most renowned victim of ALS symptoms is likely that of Stephen Hawking, the famous physicist who was diagnosed with a similar condition over 45 years ago and has deteriorated to the point that he is almost completely paralyzed.  
Prevalence and Characteristics of ALS 
ALS is a widespread condition; it affects people of all races, genders, and ethnicities throughout the entire world in roughly equal proportions, although men are affected slightly more than women (2). The most common age at which the onset of symptoms becomes apparent is in mid‐to‐later life; generally a diagnosis occurs somewhere between 40‐70 years of age for most people although earlier and later onsets have been reported (2). Two new cases of ALS are diagnosed per 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hundred thousand people per year, resulting in roughly seventy thousand people being diagnosed each year (2).  
Such a substantial, widespread, and nonselective occurrence rate is disturbing enough; yet examination of the lifespans of people diagnosed with ALS further imparts the devastating impact of this disease. On average, affected persons die due to complications resulting from their ALS between 2‐5 years after being diagnosed (2).  
Unfortunately, this trend becomes more disturbing the further it is examined. The calculation of long‐term survival rates found that ∼50% of patients survive more than three years after the preliminary diagnosis while ∼20% of afflicted people last five years beyond this point. This outlook only becomes bleaker; a mere 10% of affected individuals survive beyond ten years after their diagnosis and less than 5% of all ALS victims demonstrate a lifespan of 20 years or greater (2). This rapid progression from the initial onset of symptoms of ALS or diagnosis to death combined with the vast rate of occurrence establishes the necessity for better diagnostic criteria as well as improved treatment options.  
In order to achieve these aims and combat ALS, an understanding of both the symptoms of ALS as well as the biochemical mechanisms behind them is required. It is with a desire for a detailed understanding of ALS pathology and the goal of improving ALS therapies that comprehensive studies of ALS have been conducted for ∼150 years. 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The “Discovery” of ALS 
  The symptoms of ALS were originally described and defined as components of a single condition in the 1869 paper “Deux cas d’atrophie musculaire progressive avec lésions de la substance grise et des faisceaux antéro‐latéraux de la moelle épinière [Two cases of progressive muscular atrophy with lesions of the gray matter and the anterior‐side cross‐pieces of the spinal‐cord]”(3). This study culminates more than a decades worth of anatomical studies of human spinal cords by the renowned neurologist, Jean‐Martin Charcot. Charcot is thus given credit for discovering ALS. It can be said that ALS may have been documented earlier than this by other neuroscientists who documented symptoms reminiscent of an ALS pathological progression or the physiological morphologies accompanying the disease. However, it is difficult to determine whether these studies actually describe ALS or a similar condition. Due to this ambiguity, Charcot is usually given credit for first discovering ALS.   
Due to the uniformity in which ALS occurs throughout the world, ALS has presumably been present throughout human history, albeit as a misunderstood malady. Therefore Charcot “discovering” it is a misnomer. The accurate way of describing Charcot’s contribution to the study of ALS, and the entire field of neurology, is to use his own words: “Eventually among these different cases, it became possible to delineate a certain number of fundamental features, characteristics that permitted us later to recognize the condition clinically during life”(4). Charcot’s study of ALS marked the first time in neurology that a neurologic‐
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anatomical diagnosis of a patient could be formulated for a living patient using the patient’s clinical presentation of symptoms (5). Every subsequent study of ALS, as well as those of numerous other neurological diseases, is based upon this relationship. 
ALS Means What, Exactly? 
The name Amyotrophic Lateral Sclerosis is an complicated medical term, but breaking it into its components aids in its understanding. Amyotrophic derives from ancient Greek and when broken into “A‐“ meaning “no/without”, “‐myo‐“ which means “relating to muscle” and “trophic” that means, “feeding”, amyotrophic roughly translates to, “no muscle feeding” (2). This refers to the end result of ALS; sever muscular atrophy. Lateral is an anatomical reference and it indicates the portions of a person’s spinal cord where the lesions described by Charcot are located (2). Sclerosis means “hardening” or “stiffening” and is used to describe the formation of excessive stiff connective tissues, such as scar tissues, after an injury or insult. In this case, the term is used to describe the lesions found throughout affected patients’ spinal cords(2). Thus, the phrase “muscular atrophy resulting from scarring in the spinal cord” can be used as a definition for the term Amyotrophic Lateral Sclerosis. This definition is somewhat misleading, as technically this only characterizes the end results of the scarring in the spinal cord and the atrophy of muscles in people affected by ALS, neither of which demonstrates a well‐defined pathological mechanism through which the symptoms occur. However, it provides an easy way 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for defining the condition using an accurate qualitative and observable phenotypic differentiation found in persons suffering from ALS. In modern terminology, ALS is usually defined as a neurodegenerative disease that is characterized by the selective and progressive decay and eventual death of upper and lower motor neuron cells (6). This cellular decay and death eventually results in the spinal cord scarring observed by Charcot as well as the atrophy of muscular tissues. However, it is now known that the ‘scarring’ is actually not a build up of scar tissue, but rather proteinaceous aggregates that form in the spinal cord (6).  
Motor Neurons: Target of Toxicity in ALS 
Motor neurons are the cells in the Central Nervous System responsible for controlling all of a person’s voluntary (skeletal) muscle movements (7). Motor neurons are divided into two distinct classes: upper and lower motor neurons (7). Upper motor neurons are the cells, which transmit electrochemical signals from the brain to the spinal cord (7). Lower motor neuron cells propagate this signal down to a specific set of muscles, resulting in their contraction or relaxation (7). To put it another way, upper motor neurons connect the brain to the spinal cord and lower motor neurons connect the spinal cord to the skeletal muscles of the body. Since motor neurons are what allow people to control and coordinate their muscle movements and because ALS selectively targets these cells, ALS literally destroys a person’s ability to move their own body.  
Death of these motor neurons causes an irreversible succession of symptoms, which varies in both course and severity from person to person. These symptoms 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usually follow a discrete pattern. Muscular weakness in one area of the body quickly begins to extend throughout other areas of the body followed by a complete loss of voluntary muscular function and muscular atrophy in the first affected area. Subsequently, further loss of muscular control and muscular atrophy arises and extends throughout the body. These symptoms continue until muscular atrophy occurs in respiratory muscles, which become so weak that the victim dies due to respiratory failure or other breathing‐related complications (2).  
Due to the selective nature by which ALS toxicity targets motor neuron cells, the symptoms usually arise in one of two distinct pathways. ~75% of victims first present with symptoms in their extremities, which gradually expands upwards throughout their bodies; these patients are said to suffer from “Limb‐Onset ALS” while ~25% experience “Bulbar‐Onset ALS” which first affects their facial and vocal muscles before progressing downward through their bodies. Perplexingly, there have been documented cases that proceed in a seemingly random fashion for unknown reasons. 
The spread of the condition usually results in total paralysis of almost all of the muscles of the body. However, ALS rarely affects the bowel or bladder of its victims allowing them the continued ability to urinate or defecate (2). The muscles controlling eye movement are also usually unaffected by the progression of the condition (2). As ALS affects only the motor neurons of a person, it rarely causes the impairment of its victim’s character, acumen, or other mental processes (2). 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Types of ALS 
ALS itself is divided into two major categories: Familial ALS(fALS) and Sporadic ALS(sALS) (1). A person classified as having fALS has been found to have a close family member diagnosed with the disease or a family history of the disease, which strongly supports the idea that these cases are genetically inherited (1). A patient is classified as having sALS when there is no evidence of a previous history of ALS in the afflicted person’s family; so, sALS patients appear to have developed ALS in a random manner without any clear origin (1).   
However, other than the determination of the genetic link in fALS and the lack of any such origin in sALS, there is no clinical or diagnostic differentiation between the two categories. Since the two forms are phenotypically indistinguishable, it is likely that the same biochemical pathways are affected in both fALS and sALS.  
sALS makes up 90‐95% of all known cases of ALS (1). The remaining 5‐10% of ALS cases have been deemed to be fALS (1). fALS has been shown to pass from parent to child in an autosomal dominant manner in the vast majority of the genetic cases with very rare cases passing from parent to offspring in an autosomal recessive method (1). Thus, fALS is caused by a genetic mutation propagating downward through the generations. Many of these mutations have been detailed in studies of fALS but none has been studied as extensively as the mutations in the 
sod1 gene. This family of mutations and its link to fALS was discovered 17 years ago. 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Mutations in sod1 cause fALS 
  Mutations in sod1 are responsible for ~20% of all fALS cases and therefore cause between 1‐2% of all ALS cases (1). Since all known mutations of sod1 cause ALS, screening for the presence of such genetic mutations is a reliable tool for diagnosing fALS prior to the onset of symptoms. sod1 is the name for the human gene that stands for  “Human Copper‐Zinc Superoxide Dismutase 1, Soluble.” This gene is located in the long arm of Chromosome 21 at a locus of 22.1 (8). To date, more than 140 mutations of this gene have been identified and these are thoroughly documented, along with numerous other genetic mutations causing fALS or ALS‐like diseases, in the ALS Online Database at http://alsod.iop.kcl.ac.uk/index.aspx (9). These mutations in sod1 result in aberrant mutant forms of the protein that it encodes, Copper‐Zinc Superoxide Dismutase 1(SOD1). 
SOD1 mutants were first linked to fALS in the 1993 Nature Article, “Mutations in Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral sclerosis,” which verified that sod1 is the specific gene affected in some fALS cases and that SOD1 mutants were present in fALS patients (10). Proof of a mutant protein somehow damaging motor neurons selectively and progressively was a revolutionary concept that resulted in enhanced interest in fALS analyses. 
The SOD1 Protein 
The major focus of recent examinations of ALS has mainly been upon the SOD1 protein. Unfortunately, this protein presents a dynamic and intricate area for 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scientific inquiry; even after 17 years of thorough studies have been conducted the distinct properties that relate SOD1 to ALS are still inadequately understood. Cursory examination would seem to support this, as SOD1 has a complex structural form. SOD1 has a Molecular Weight of 32 kD and usually exists as a homodimer, comprised of two identical monomeric subunits (1).  
Each monomer of SOD1 has a primary sequence of 153 Amino Acids, which is highly conserved throughout many organisms expressing SOD1 (6). SOD1 monomers contain mostly β‐Strands and Loop Domains while and contain almost no 
α‐helical structures (6). These β‐strands and Loops arrange into a Greek Key β‐Barrel motif (6). Additionally, each monomer subunit has sites where the metallic cofactors of SOD1 bind (6). These metallic cofactors are Zinc ions and Copper ions (1). The protein binds these ions to promote both its stability and its enzymatic activity, making SOD1 an example of a metalloprotein. However, SOD1 can undergo proper folding and remain stable even without binding these metallic cofactors. When in this demetallated form, SOD1 is called an apoprotein(apoSOD1). 
Each monomer subunit contains a Copper‐binding site as well as a Zinc‐binding site (1); these sites are orientated such that their active domains face opposite directions. This is thought to prevent localization of improper metal ions into these sites and to discourage unfavorable steric interactions between the two. These theories are supported by the observations that the proper binding of these metal ions has been confirmed to be crucial for both proper stability and activity of 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SOD1 (6); this would explain why steps are taken to regulate the presence, location, and orientation of these metal ions.  
SOD1 can be found with a vacant Zinc‐binding site (1). However, it has recently been demonstrated that the presence of this Zinc ion is highly favorable for the stability of the protein. Studies have shown a dramatic increase of stability of SOD1 by Differential Scanning Calorimetry; the results indicate that SOD1 molecules with only Zinc ions bound show an increase in melting point of more than 20°C when compared to that of apoSOD1 (11). As of yet, it is unknown if any type of chaperone mediates this Zinc‐loading process in vivo or if it occurs spontaneously in the presence of free Zinc (1).  
The Copper ion cofactor of this protein behaves in much different manner than the Zinc does. Recent studies have found that the level of enzyme with bound Copper ions is highly variable between cell types as well as the cellular location of the protein (1). Additionally, Copper is mainly used to facilitate the catalytic activity of SOD1 (1). Furthermore, it has been found that SOD1 requires a chaperone protein, known as Copper Chaperone for Superoxide Dismutases (CCS), to properly load the necessary Copper ions (1). 
SOD1 Structural Components and Stability 
Structural comparison of the Wild‐Type SOD1(WT‐SOD1) and apoSOD1 reveals a decent amount of structural conservation and these forms appear to be nearly superimposable. This likely explains the amazing stability of SOD1, even without its cofactors bound. To convey this quantitatively, the melting point of 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apoSOD1 is ~65°C and the melting point of WT‐SOD1 is an astonishing ∼90°C (11). Another way to quantify this stability is that WT‐SOD1 does not denature in the presence of either 8 M Urea or 4% SDS, both of which are incredibly potent detergents (1). Furthermore, The enzyme retains its enzymatic activity even in the presence of 4% SDS or 10 M Urea (1). 
More extensive structural studies of SOD1 have revealed that some of the Loop domains act as functional domains within the protein. In the figure shown below, the seven major loops and eight β‐strands that have been identified in the SOD1 structure are displayed (1). Two of these Loops are directly related to the binding of the two metal cofactors. These functional loops are commonly referred to as the Electrostatic‐Loop and the Zinc‐Loop (1).  
  
    
  
Above: Structural representations of a monomeric subunit of SOD1. Figure 1a shows a 
two-dimensional representation of the secondary structure of SOD1. Known mutation 
points are marked and each β-sheet and Loop is shown in a distinct color. The Zinc-
Loop is shown in Teal and the Electrostatic-Loop I shown in Violet. Figure 1b shows 
the three-dimensional representation of Figure 1a. The Zinc ion is shown as a grey 
sphere and the Copper ion is shown as a green sphere. Reprinted from Valentine et al 
(1).   
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These two Loop domains encase the both of the metal‐binding sites of SOD1. This positioning allows them to sterically block solvent from easily accessing the cofactors and it hinders inappropriate metal ion binding (1).  
These metal binding sites are coordinated by a series of Amino Acid residues, mainly Histidines, located around each site. To achieve this ion coordinating effect, these residues establish a large network of Hydrogen bonds that bridge these metal‐binding sites, effectively linking them. The figure below elegantly displays the Hydrogen bond network present around the two metal ions in each monomer of SOD1 (1). 
          
 
The H‐Bond network around the Metal‐Binding sites of SOD1: The Copper ion is shown in Pale Blue and the Zinc ion is shown in Orange. The dashed lines show H‐bonds between different residues’ side chains while the solid lines show H‐Bonds between a residue’s side chain and a metal cofactor atom. The blue sections of the side chains represents the H‐atoms capable of participating in a H‐bond while the red regions on the side chains display the carbonyl O‐atoms capable of participating in a H‐bond. The residues are numbered and these numbers refer to the residues numeric position in the amino acid sequence of SOD1. They represent: Histidine 46, Histidine 48, Glycine 61, Histidine 63, Histidine 71, Histidine 80, Aspartic Acid 83, Histidine 120, Aspartic Acid 124, Glycine 141, Arginine 143. Additionally, Cysteine 57 and Cysteine 146 are displayed forming the Disulfide Bond, displayed in purple.  
  17 
  The above diagram displays the side chains of the residues participating in the Hydrogen bond network of the metal binding sites as well as how these residues achieve these interactions through the side chain interactions. From this display, it is clear how dependent these metal cofactors are upon Histidine residues for stability when binding. Furthermore, this diagram displays a novel aspect of SOD1’s structure, the disulfide bond in purple. 
  Disulfide bonds are stable formations that have a general form of C‐S‐S‐C. These bonds are notably strong, with average dissociation energies of ~60 kcal/mol. This strength gives such bonds a unique set of functions in the stability of any protein in which they are contained: they tightly bond two portions of the protein together forcing the protein away from its unfolded form towards a more stable folded conformation, they form hydrophobic cores for proteins by attracting other hydrophobic elements around them which decreases the concentration of solvent in the vicinity of where they form allowing vulnerable aspects of a protein’s secondary structure to stabilize in an area protected from solvent. Disulfide bonds are very susceptible to reduction by a reducing environment or solvent; this is why they are only rarely found in cytosolic proteins such as SOD1, as the cytosol is a heavily reducing environment (1). 
  In each monomeric subunit of SOD1, there are four Cysteine residues located at the positions 6, 57, 111 and 146. Cysteine is one of the two Amino Acids that contain a sulfur group and only Cysteine has a thiol group at the end of its side 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chain; this property gives Cysteine the unique ability to form a disulfide bond with another nearby Cysteine residue. Therefore, each monomer of SOD1 has the ability to form disulfide bonds using the Cysteine residues listed above. 
However, not all four of these Cysteine residues in SOD1 form such bonds during native folding processes. In each monomer, only Cysteine 146 and Cysteine 57 form a disulfide bond (1). The formation of this bond is crucial to the stability of both the monomeric and the dimeric form of SOD1 due to its unique location (1). It is located directly in the area of the monomer that is responsible for binding the two monomers together to form a single SOD1 dimer (1). As shown in Figure 1, this bond bridges from the fourth loop, previously described as the Zinc‐Loop, to the eighth β‐strand located just prior to the C‐terminus of the polypeptide (1).  
The disulfide bond’s relation to the dimeric form of the protein has been well examined. It has been shown that loss of this double bond significantly increases the formation of misfolded SOD1 dimers by decreasing the overall stability of the dimeric interface of each monomer subunit (24). The dimeric interface is the area of the monomers responsible for forming a large bonding complex consisting of: main chain H‐bonds, water stabilized H‐bonds, and hydrophobic elements (1). These elements combine together to properly coordinate the two monomeric subunits to ensuring that they dimerize correctly. This makes the disulfide bond crucial to the proper dimerization of SOD1; in fact, it has been determined that the loss of the disulfide bond correlates directly to a drop in the kinetics of dimer formation by at least 4 orders of magnitude (24). Additionally, it was found that the reduction of the 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disulfide bond correlates to a decrease in stability of roughly 12% in the Wild‐Type form of SOD1 (24). 
Enzymatic Activity of SOD1 
  The above analysis of SOD1’s structure should make understanding SOD1’s catalytic activity much simpler. The activity of the SOD1 is fairly well explained by the protein’s full name, Superoxide Dismutase 1. Superoxide is the substrate for SOD1’s catalytic activity. A superoxide molecule is a free radical species of the form 
•O2‐1, which can be incredibly harmful to any cell in which it is present. Dismutase is the name given to any enzyme responsible for catalyzing a dismutation reaction. This is any chemical reaction in which one species is both reduced and oxidized concurrently to give off two different products and follows the general form show below (13): 
2A → A1 + A2   (A1 & A2 are different compounds) 
The number 1 at the end of SOD1 simply indicates the types of metal ions the protein binds. In SOD1 these are the Zinc and Copper ions discussed previously. 
Therefore, the enzymatic activity of SOD1 is the catalyzation of the dismutation of •O2‐1into two separate less reactive forms using the bound Copper ion as its catalytic component for balancing charges during the reduction and oxidation half‐reactions. Since it is responsible for binding and neutralizing antioxidants, SOD1 is placed into the category of antioxidant enzymes (12). The two 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half reactions catalyzed by SOD1 as well as the full chemical reaction are shown below (1): 
1) 2H+1 + •O2‐1 + Cu+1ZnSOD → H2O2 + Cu+2ZnSOD            SOD1 endogenous form → SOD1 oxidized form   2) •O2‐1 + Cu+2ZnSOD → O2 + Cu+1ZnSOD          SOD1 oxidized form → SOD1 endogenous form      3)   2H+1 + 2•O2‐1       CuZnSOD1    H2O2 + O2    SOD1 in its proper form maintains this catalytic cycle at remarkably high levels; these levels are so high that they are close to the diffusion‐limit at physiological pH (1). Additionally, this activity has been shown to be pH resistant by remaining unchanged over a wide range of pH values, 5.0‐9.5 specifically (1).  
  Endowed with this information, the logical assumption is that fALS‐linked mutations of SOD1 cause a loss‐of‐function in the protein and the resulting accumulation of harmful Superoxide free radicals leads to the toxicity to Motor Neuron cells. This is a competent theory, and early studies even showed that the loss of enzymatic activity of SOD1 in patients was a component of ALS pathology in human patients. However, this assumption has been established as incorrect for SOD1 mediated toxicity. 
Toxicity in ALS is due to an aberrant Gain­of­Function  
Fascinatingly, the toxicity of SOD1 to Motor neuron cells is independent of its catalytic function. Mutants of SOD1 are therefore said to have an aberrant and toxic 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gain‐of‐function. This discovery was first made and documented by Brujin et al in their article in Science entitled “Aggregation and Motor Neuron Toxicity of an ALS‐Linked SOD1 Mutant Independent from Wild‐Type SOD1” (14). 
  Brujin et al clarified that the expression levels of mutations in SOD1 had no demonstrated effect on the amount of WT‐SOD1 activity and that the onset and progression of the disease was unaffected by the presence or absence of the WT‐SOD1 (14). Subsequently many fALS‐linked mutations in sod1 have been repeatedly shown to have little or no affect on enzymatic activity levels in both in vitro and in 
vivo models. In fact, several studies display the tendency of some mutant forms of SOD1, such as G93A, to dramatically increase catalytic activity levels and still result in fALS (1).  
Further supporting these findings, are studies that animals deficient for any type of SOD1 protein do not develop fALS (15). These findings clearly refute the original theory that mutations in SOD1 must result in an enzymatic loss of function; furthermore, this establishes compelling evidence that motor neuron toxicity is due to a toxic gain‐of‐function by SOD1 proteins that occurs independently of SOD1’s enzymatic activity. 
 The sheer number of mutations identified in sod1 also supports the toxic gain‐of‐function theory. The high numbers of fALS linked mutations and their distribution throughout the entire sequence of the protein makes it unlikely that each one of these mutations could cause significant losses in enzymatic activity. Many fALS linked mutations are located in remote areas of the protein associated 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with neither the dimeric interface nor the metal binding sites of SOD1 and others are located directly within these areas of the protein. Perplexingly, all of these mutations cause fALS.  
WTL Vs. MBR Mutant Forms of SOD1 
This property allows the mutations in SOD1 to be categorized into two distinct groups. Those mutations located in areas unrelated to the metal‐binding regions are referred to as “Wild‐Type Like” or “WTL” mutants of SOD1 (16). Meanwhile, any mutations in area of the protein directly responsible for either the binding of the metal cofactors are called “Metal‐Binding Region” or “MBR” mutants (16).  
It should be noted that this categorization system serves as a quick determination of the location of the mutation in the Amino Acid sequence and is not used to indicate any specific properties of these mutants. This categorization system leaves many such properties of these mutants unaccounted for. Many such properties have been examined experimentally in the hope that some significant correlation to fALS symptoms could be determined. Analysis of the crystal structures of these mutants revealed that WTL mutants only show differences from WT‐SOD1 along the dimeric interface region of their structure while MBR mutants were found to have significant shifts to the conformation of the Electrostatic and Zn‐Loop domains that allowed for non‐native dimer interactions and the formation of high order structures resembling amyloid fibrils (1). This heavily suggests that 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these two Loop domains also serve to provide a shielding effect that helps WT‐SOD1 resist improper oligomerization.   
These structural findings led to an examination of the stability of these mutant categories when compared to that of WT‐SOD1. As previously stated, SOD1 is a remarkably stable protein: it has a melting temperature exceeding 90°C, the ability to resist denaturing in 8 M Urea or 4% SDS, and is highly resistant to proteolytic degradation (1). In comparison, WTL mutants show a decrease in Melting Temperature by a range of 1‐6°C meaning they all have a sufficient level of stability at physiologic temperatures (1). Conversely, MBR mutants show large deviations in Melting Temperature from the Wild Type, which supports the analysis that the metal ions of SOD1 are responsible for a large portion of SOD1 stability (1).  
A similar set of data was obtained when the apoprotein forms of these mutants were examined. The only notable difference between this data and the metallated protein data is that apoMBR‐SOD1 showed melting temperatures equal to or higher than that of apoWT‐SOD1 (1). This seems appropriate, as these MBR mutants are not dependent upon metal ions for stability while WT‐SOD1 requires the proper binding of both Copper and Zinc for its high levels of stability. 
Aggregation of SOD1 and its Relationship to Toxicity 
Since it was already established that protein‐rich aggregates accumulate in the spinal cords of both humans and mice with ALS, these inclusions were examined further and high concentrations of SOD1 proteins were found to be present in these spinal inclusions (17). This was found in all examined fALS patients although other 
  24 
proteins were present as well (17). Furthermore, these aggregates of SOD1 were found to be insoluble (6). This was taken to mean that SOD1 must have been aggregating in the cells of ALS afflicted persons. With these facts in mind, SOD1 aggregation became a subject of heavy study. 
Much work was done to study the relation ship between SOD1 aggregation and toxicity in the paper “Variation in aggregation propensities among ALS‐associated variants of SOD1: Correlation to human disease” by Prudencio, Hart, Borchelt, and Andersen (18). Specifically, they studied how biochemical differences in some of these mutant forms of SOD1 affected their aggregation propensity (18). They experimentally determined that all of the fALS‐linked mutants studied show an increase in the inherent aggregation propensity of the protein and that this increase varies considerably between individual mutants (18). No explicit reason for these variations in aggregation rates could be found despite the examination of numerous aspects such as enzymatic activity, thermostability, mutation locus, and net protein charge (18).  
Oligomeric Hypothesis Vs. Oxidative Damage Hypothesis 
Sadly, many studies have produced similarly inconclusive results; this leaves the exact mechanism of this toxic gain‐of‐function still misunderstood. The best current explanation is a complicated multi‐step process that begins with the mutant versions of SOD1, which leads to a cascade of effects down one or more of several possible pathways with the ultimate result being a selective toxicity to motor neurons that leads to the symptoms of fALS. There are two major hypothesized 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components to this pathway either or both of which may be occurring in these cells: the oxidative damage hypothesis and the oligomerization hypothesis.  
The oxidative damage hypothesis proposes that mutant SOD1 proteins catalyze aberrant reactions of inappropriate substrates such as Hydrogen Peroxide or Peroxynitrite (1). These reactions could create toxic products or intermediates that damage a vital component or critical substrate of motor neurons (1). This damage would result in a loss of viability of exclusively motor neurons cells, which would lead to the symptoms of fALS (1). 
It should be noted that a significant finding has cast the oxidative damage hypothesis into doubt. It was demonstrated that removing both of the Copper binding sites of an SOD1 protein via mutation still resulted in fALS symptoms in a mouse model (19). This has resulted in heavy questioning of the oxidative damage hypothesis. Without any Copper Binding Sites, it would be highly unlikely that SOD1 would be able to catalyze any of the aberrant reactions proposed. However, this has not fully discouraged studies of mechanisms by which oxidative damage could be causing toxicity. It has been verified that Cysteine 111 is capable of binding Copper 
in vitro (6). This allows the possibility that binding of Copper ions in improper locations in SOD1 could play a role in toxicity. Due to this ambiguity, the oxidative damage hypothesis continues to be examined for possible links it may have to fALS. 
The oligomerization hypothesis proposes that mutant SOD1 proteins are initially misfolded or are induced to fold improperly (6). This misfolding leads to inappropriate dimerization of SOD1 proteins, which results in SOD1 oligomerization 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into high molecular weight species that eventually leads to the formation of the proteinaceous inclusions found in patients’ spinal cords. This hypothesis posits that at some point these oligomeric and aggregated proteins gain a form of toxicity selective for motor neurons (6). It was first assumed that the final aggregated forms of these proteins caused this damage. However, this hypothesis has never been validated and there exists reason to believe that these aggregates are actually the result of a cellular defense mechanism attempting to respond to the toxic form of SOD1 (20).  
Heavy focus has recently been given to soluble oligomers of SOD1. Due to the elusive nature and unknown characteristics of these oligomers, they are neither easily detected nor isolated. Since no attempts at isolating this species has been successful so far, and since the oxidative damage hypothesis has been deemed unlikely, this remains a major area of study with a plethora of work being done to isolate and characterize these oligomeric forms.   
Seemingly supporting the oligomeric hypothesis is the conclusion that SOD1 oligomers can form pore‐like structures (21). This becomes especially important when one considers that SOD1 is found at markedly high concentrations near the mitochondria of cells (6). Mitochondria must carefully regulate their membranes, as they are crucial to the continued viability of the cell (1). If a Mitochondrial membrane is disrupted, it will lead to cellular apoptosis (12). Since motor neurons are known to make especially heavy use of Mitochondria and have in higher 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concentrations than other cell types, this appears to be an opportune subject for further analysis. 
It should be noted that the above hypotheses are not mutually exclusive. It may be possible that the soluble oligomeric form of SOD1 can only form when it is placed under oxidative stress. It is just as likely that SOD1 assuming this oligomeric form facilitates oxidative stress being placed upon it. As such, neither hypothesis has been completely refuted and both are often used in attempting to explain a mechanism behind the toxicity of ALS.  
Proposed Pathway of Motor Neuron Toxicity in ALS 
Even with the vast multitude of studies examining SOD1 properties following the realization that the toxicity of fALS‐linked sod1 mutations was not a loss‐of‐function, no clear cause for the toxicity has been ascertained. Rather, it has been decided that toxicity is likely due to the occurrence of multiple concurrent factors which result in the selective toxicity to motor neurons. What follows is a possible series of steps in the mechanism of motor neuron decay in a case of ALS. This is neither a complete nor definitive mechanism but rather a conglomeration of popular proposed mechanisms behind ALS toxicity to Motor Neurons. 
In most cases, the required first step of this pathway is the SOD1 protein gains an aberrant enzymatic activity and/or gains an abnormal substrate. Either of these possibilities would result in the SOD1 protein losing its bound Zinc and Copper Ion atoms and having the disulfide bonds it contains reduced leaving it in the apoprotein form. 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How this occurs exactly is still a matter requiring further study; however, there are several proposed methods for this involving either binding of an inappropriate substrate by SOD1 or oxidative stress being induced upon SOD1 by other sources (1). One suggested procedure is that SOD1 induces this damage itself by mistakenly binding its catalytic product, Hydrogen Peroxide, rather than the Superoxide Radical (1). This would lead to reverse of the SOD1 enzymatic process to occur resulting in the formation of a superoxide radical that has been hypothesized to damage the copper‐binding site of SOD1 (1). Other proposed harmful substrates have been proposed with the end result being the demetallated and disulfide reduced form of SOD1. Since a mutation already exists in the protein in SOD1 linked fALS, the SOD1 is already a mutant form and as such is heavily destabilized and requires less prompting to assume its apoprotein form. This form of the SOD1 protein would allow easy oligomerization and aggregation and could possibly even directly cause these processes to occur although the exact method by which this might happen remains a matter of speculate. It has been shown through numerous experiments that this destabilized form of SOD1 is far more prone to unfolding and misfolding, the final result of which being aggregation, than WT‐SOD1.  
At this point, the mechanism branches into several additional pathways all of which most likely occur concurrently throughout the cell. The first of these steps would be the sequestering of the improper forms of SOD1 by chaperone proteins or the Proteasome of the motor neuron cell (22). This would quickly overburden the chaperone proteins and Proteasome of the cell resulting in a dramatic surge in the 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amount of cellular proteins existing in a harmful or improper form. The harmful or inappropriate forms of SOD1 and other proteins would then be sequestered together with other proteins forming insoluble aggregates throughout the cell (22). These aggregates would continue to be sequestered together and this compiling process would result in proteinaceous inclusions that would eventually become so large that they would interfere with basic cellular functions. 
The next branch of this toxic pathway would be the relocation of improper forms of SOD1 throughout the cell. These forms of SOD1 would then cause damage to cellular structures, especially the mitochondria, by improperly grouping around them (22, 6).  This results in the internal structures of the cell undergoing drastic unfavorable morphological changes that target them for further damage and degradation. This is especially true if these changes allow further access to improper cellular locales, which would create an increasingly toxic cycle throughout the cell. 
Meanwhile, the motor neuron cells attempt to function but the heavy levels of intracellular damage allows them to be induced to excitotoxicity. Excitotoxicity is a state in which motor neurons rapidly and ineffectively fire signals and is the result of increasing concentrations of Glutamate surrounding the cell (22). Being in an excitotoxic state results in a massive influx of Calcium ions into the cell as repeated firing of leaves the membrane in a state that is far less selective in permeability. 
This influx of Calcium, coupled with the damage to Mitochondria allows apoptosis to be initiated via the Caspase‐Cascade (22). Microglial cells would quickly be recruited by the body to assist in apoptosis by releasing toxic factors that 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accelerate the resulting decay and death of afflicted Motor Neurons (22). The end result of the entire process would be the formation of the massive spinal cord inclusions, which are the original hallmark of ALS, from the cellular aggregates released by apoptosis. 
Crosslinking Aggregates to Detect Soluble Oligomeric Species 
In an effort to capture the soluble oligomeric form that is theorized to play a role in toxicity, it was decided that a method known as chemical crosslinking would be utilized. Chemical crosslinking is a technique that can be used to bind two biochemical compounds together using a small molecule known as a crosslinker (23). This process should allow for the detection of high molecular weight species formed during the SOD1 aggregation process and thus might allow one to indentify the different oligomeric states of SOD1 that are formed during aggregation. 
Crosslinking can be performed in numerous ways depending on what type of chemical crosslinker is used. Crosslinkers contain two reactive groups, which form the covalent bonds that link the two targeted molecules or functional groups (23). These reactive groups can be the same on both ends of the crosslinker or can be two different species. Crosslinkers containing two of the same reactive groups are called homobifunctional crosslinkers while crosslinkers containing two different reactive groups are called heterobifunctional crosslinkers (23). Additionally, crosslinkers have spacers of varying lengths in between these two reactive groups. (23) These spacers can vary greatly in length allowing the crosslinking of groups that are closer together or further apart depending on what the experiment calls for (23). 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This experiment calls for the use of crosslinkers to take “snapshots” of the aggregation process at different time points. In doing so, the oligomeric state of the protein should be able to be determined. If successful, such an experiment would allow the isolation and possibly even the characterization of the oligomeric states that SOD1 forms during aggregation. 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MATERIALS & METHODS 
Protein Expression  
C6A‐C111S‐SOD1 (AS‐SOD1) and Monomeric C6A‐C111S‐SOD1 (MAS‐SOD1) were expressed and purified using E. Coli cells. A small amount of a stock of E. Coli cells expressing this protein was plated onto an LB‐Ampicillin plate and left to grow overnight. The next day, a single colony was picked and placed into 2 mL of LB solution containing .2 µL of 1000X Ampicillin. This solution was cultured for several hours until it had reached a sufficient Optical Density. It was then placed in 1 L of LB media containing 1 mL of 1000X Ampicillin. This culture was left to grow overnight. The next day this culture was separated and added to 9 L of LB‐Amp and the resulting stocks were cultured until they reached an Optical Density of .6, which was measured at a 600 nm wavelength. The cultures were then induced with IPTG at a final concentration of 1 mM and left to culture for 4 more hours.  
Apoprotein Purification 
  After the expression was induced in the above method, the apoprotein form was purified in the following manner. The E. Coli cells were pelleted by centrifugation at 6000 RPM for 15 minutes. These pellets were collected and resuspended in 2 mL of a Lysis Buffer per gram of cells collected for 30 minutes. The Lysis Buffer was composed of: 100 mM HEPES pH 7.2, 150 mM NaCl, 2 mM ZnSO4, 1 mg/mL Lysozyme, and 1 tablet of Protease Inhibitor per every 50 mL of the solution volume. The cells were then lysed by Sonication. This Lysate was then centrifuged at 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20,000 RPM for 45 minutes. The supernatant was then incubated at a temperature of 52° C for 45 minutes and again centrifuged at 20,000 RPM for 45 minutes. The resulting solution was dialyzed against 20 mM HEPES pH 7.2 overnight. FPLC was then performed upon the dialysis solution by loading it onto a Q‐Sepharose column and eluting it using an increasing salt gradient. The resulting fractions were examined at a wavelength of 280 nm and then run on a gel with an SOD1 control lane to determine when the SOD1 protein had eluted. The fractions containing SOD1 were pooled and unfolded by dialysis into an Unfolding Buffer at pH 3.5 containing: 5 M Guanidine‐Hydrochloride, 17 mM Potassium Acetate, 10 mM Potassium EDTA, prepared using metal‐ion free Chelex Water. This dialysis was run overnight. The resulting unfolded protein solution was refolded by dialysis into the Refolding Buffer at pH 7.2 containing: 20 mM HEPES at pH 7.2 and 1 mM Potassium EDTA, prepared in Chelex Water. This solution was again loaded onto a Q‐Sepharose column and was eluted using a similar salt gradient. The resulting fractions were analyzed at a wavelength of 280 nm and those containing apoSOD1 were pooled. The concentration of the resulting protein samples were calculated and recorded.  
Comparison of Chemical Crosslinkers 
  EDC with Sulfo‐NHS and Glutaraldehyde were compared in terms of crosslinking efficiency. Samples containing varying concentrations of AS‐SOD1 (10 µM‐50 µM) were mixed with 10 µL of 200‐1000 µM EDC and 500‐2500 µM Sulfo‐NHS and quenched with 1.4 µL ß‐Mercaptoethanol at 5 or 15 minute time intervals. A similar set of experiments was performed using Glutaraldehyde at final 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concentrations of 1%, 3%, and 5% that were quenched by the addition of .1 M Sodium Borohydride to a final concentration equivalent to that of Glutaraldehyde. The solutions resulting from any of these experiments were denatured and run on a 16% Tris‐Glycine gel to separate them based on molecular weight. Based on the successful formation of discrete monomeric and dimeric bands and the reproducibility of these results, the qualitative efficacy of the crosslinkers was determined. 
Inducing SOD1 Aggregation by Heat 
  Aggregation of SOD1 proteins was induced by heating and monitored by 90° Light Scattering at 450 nm. A water bath was connected to an UV/Vis Spectrophotometer. The water bath was set to 50° C or 60° C and allowed to equilibrate to temperature. A cuvette was rigorously rinsed and scrubbed with 2% Hellmanex solution removing any impurities and was then rinsed thoroughly with Chelex Water to ensure no metal ions would corrupt the sample. This cuvette was placed in the spectrophotometer and allowed to equilibrate to temperature. 1 mL of SOD1 protein solution was filtered through a syringe filter. A sample for aggregation was prepared by equilibrating either 50 mM MES buffer containing 1 mM Potassium EDTA pH 5.4 or 20 mM HEPES buffer containing 1 mM Potassium EDTA to temperature and then adding filtered SOD1 to a final concentration of 20 µM.  
Inducing SOD1 Aggregation by TFE 
  Aggregation of SOD1 proteins was also induced by 2,2,2 Trifluoroethanol (TFE) and monitored by 90° Light Scattering at 450 nm. A cuvette was thoroughly 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rinsed and scrubbed with a 2% Hellmanex solution and rinsed with Chelex Water. 1 mL of SOD1 protein was filtered through a syringe filter. A sample was prepared for aggregation by adding filtered SOD1 solution to either 50 mM MES buffer containing 1 mM Potassium EDTA or 20 mM HEPES buffer containing 1 mM Potassium EDTA to a final concentration of 20 µM SOD1. TFE was then added to a final Volume TFE/volume solution of 15%.  
Crosslinking Aggregation Samples With Glutaraldehyde 
  Aggregation Samples were prepared and induced as described above. At 300 or 500 second intervals, 49 µL of aggregation sample was added to 1 µL of 50% Glutaraldehyde and mixed by pipetting. These samples were allowed to react for 5 minutes before being quenched with 1 µL of 7% Sodium Borohydride in 1 M Sodium Hydroxide. SDS load buffer was added to each sample and these samples were boiled for 4 minutes at 95°C for 5 minutes. The samples were then spun down for 30 seconds in a micro‐centrifuge. A gel was then loaded with these samples. A lane of non‐aggregated but crosslinked SOD1 at the same concentration was used as a Control and a molecular weight marker was used to determine the weight of the observed bands. The gel was run at a constant current of 10 mA. 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RESULTS 
Standardizing Chemical Crosslinking Experiments 
While an undeniably powerful technique, chemical crosslinking can be incredibly demanding, as numerous factors need to be standardized for optimal results before any interpretable results can be obtained. The first facet examined was how effectively different chemicals crosslinked SOD1 molecules based on the differing lengths and specificities of the crosslinkers.  The two main crosslinkers examined in this manner were Glutaraldehyde and EDC with Sulfo‐NHS.  
EDC, which stands for1‐ethyl‐3‐(3‐dimethylaminopropyl) carbodiimide, and Sulfo‐NHS, or N‐hydroxysulfosuccinimide, are a pair of chemicals that optimally crosslink molecules when used together in a short series of reactions. EDC binds to a molecule with an available carboxylic acid and forms an unstable and reactive ester molecule. Sulfo‐NHS binds to this ester replacing EDC and resulting in a more stable ester molecule. This ester can then react with a primary amine containing molecule and form a stable bond by purging the Sulfo‐NHS molecule. This results in the formation of direct peptide bonds between carboxylic acid groups and primary amine groups. Since, the original two molecules are directly bonded together, rather than being separated by either of the crosslinking molecules, EDC/Sulfo‐NHS are called zero‐point crosslinkers. The chemical structure of both EDC and Sulfo‐NHS as well as the reaction pathway they make use of are displayed in the top and middle 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lanes of Figure 1. Both EDC and Sulfo‐NHS were found to have small pH ranges, with the optimal pH for both being between 7.2‐7.5.  
Glutaraldehyde, the other type of crosslinker focused upon in this set of experiments, is in many ways the fundamental opposite of EDC and Sulfo‐NHS as a crosslinker. Unlike EDC with Sulfo‐NHS, Glutaraldehyde is a completely functional crosslinking molecule. The two Oxygen atoms present at each end of the molecule makes Glutaraldehyde an amine‐reactive homobifunctional crosslinker. Consequently, making amine groups available to Glutaraldehyde will result in a crosslinking reaction. The structure and reaction pathway of Glutaraldehyde crosslinking are depicted in the bottom lane of Figure 1. Glutaraldehyde was found to have an optimal pH of approximately 8.0.  
The two crosslinkers were compared in these terms and it appeared that if they showed similar crosslinking capabilities, then the simplicity that utilizing Glutaraldehyde entailed would make it a better choice of crosslinker. The structural complexities and requirements as well as the involved reaction pathway of EDC with Sulfo‐NHS (Figure 1) seemed to make them less preferable. However, it was also noted that more involved reaction pathways provide more areas for examination and control than does the simple one step reaction. Additionally, it was found that homobifunctional crosslinkers, such as Glutaraldehyde, have been shown to self‐conjugate and favor intermolecular crosslinking rather than the intramolecular crosslinking desired. 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Since only using both systems would allow a side by comparison of Glutaraldehyde and EDC with Sulfo‐NHS, trial runs were performed using both EDC with Sulfo‐NHS and Glutaraldehyde as crosslinkers. Typical results of such trials are displayed in Figure 2. These results led to the preference for using Glutaraldehyde as the crosslinker in all future experiments.  
EDC with Sulfo‐NHS was found to be to unpredictable and thus unsuited to reliably crosslinking SOD1. In most cases, EDC with Sulfo‐NHS would not cause any crosslinking or would induce aggregation of the protein by over‐crosslinking. Figure 2a, shows the successful crosslinking effects of EDC and Sulfo‐NHS. There are definitely distinct monomer and dimer bands, both of which are indicated by arrows, although they seem to show poor levels of separation. Only rarely would EDC with Sulfo‐NHS cause this distinct crosslinking. More typical results of EDC with Sulfo‐NHS are depicted in Figure 2b. There is no apparent crosslinking occurring in any of the lanes depicted, which quickly became a typical set of results. Figure 2c, shows the other extreme of EDC and Sulfo‐NHS crosslinking; namely, the strange warping pattern that resulted from crosslink‐induced aggregation. The two right‐most lanes of Figure 2c show this and even demonstrate how this effect managed to cause smearing of the WT‐SOD1 present in the middle lane. These results helped, justify the discontinuation of EDC and Sulfo‐NHS studies. 
Glutaraldehyde was found to more reliably form crosslinked molecules into monomer and dimer bands than EDC with Sulfo‐NHS. These monomer and dimer bands are shown in the left lanes of Figure 2c and all the lanes of 2d except the WT‐
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SOD1 control lane and they are marked by arrows. Both of these cases demonstrate the clear separation of monomer and dimer species achieved with Glutaraldehyde. However, it was also found to be capable of unpredictably causing disturbances in gels by binding to the free amine groups in the Tris buffer, which is most readily seen in the smearing and low molecular weight blots in Figure 2e. However, the results justified the both determination that Glutaraldehyde was the preferable crosslinker as well as the decision to utilize it exclusively from this point on. 
Concurrently, analysis was done to examine at what concentrations of SOD1 and Glutaraldehyde optimal results were obtained. Figure 2e displays the attempt to determine at which concentration of Glutaraldehyde future reactions should be run. This experiment did not yield conclusive results but all further experiments at 1% Glutaraldehyde concentrations were successful at crosslinking SOD1. Additionally, further analysis demonstrated that concentrations as low as 10 µM SOD1 could be crosslinked. The optimal time for allowing Glutaraldehyde to crosslink before quenching it was determined in a similar fashion and the result are displayed in Figure 2d. Each lane is SOD1 and Glutaraldehyde that was quenched at 5‐minute time intervals from the initial addition of Glutaraldehyde. A distinct amount crosslinking is seen even in the first lane of the gel and there appears to be relatively little increase in the amount of crosslinking seen in the later lanes. Form these analyses, it was determined that Glutaraldehyde requires minimal amounts of time, specifically less than five minutes, to crosslink proteins, and that a concentration of only 1% (V/V) Glutaraldehyde was enough to induce good crosslinking of SOD1 at concentrations as low as 10 µM. 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Inducing and Monitoring SOD1 Aggregation 
  SOD1 aggregation was induced by a variety of conditions to assess which conditions would be the most favorable for crosslinking as well as what time period would provide the best chance for capturing soluble oligomers. These aggregation assays were all monitored by 90° Light Scattering in an UV/Vis spectrophotometer at a wavelength of 450 nm. Aggregation was said to have initiated when a discrete rise was observed in the absorbance but before visibly detectable particulates could be observed. Aggregation was said to have completed when the absorbance had drastically risen and was spiking randomly due to large insoluble aggregates, which were visible in the sample. SOD1 was always aggregated at a concentration of 20 µM.  
  Different methods of inducing aggregation where examined: altering the pH, altering the temperature, altering the temperature and the pH, the addition of 2,2,2 Trifluoroethanol (TFE) to 15% V/V and the addition of TFE at an altered pH. Altering the temperature to just below the melting point weakens the structure of SOD1 denaturing it and making it more susceptible to aggregation. Altering the pH or adding TFE, which is a strong acid, would achieve the same results by altering the nature of the solution surrounding the protein, which affects the structure and stability of the secondary and tertiary structure of the protein. Results characteristic of the obtained data is shown in Figure 3. Figure 3 displays the results of aggregation of SOD1 by raising the temperature to 60° C, which is shown in the top graph as well as raising the temperature to 50° C and lowering the solution pH to 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5.5, which is shown in the bottom graph in blue, and lowering the pH to 5.5 and adding TFE, displayed in the bottom graph in grey. All these eventually resulted in visible SOD1 aggregation. The large discrepancy seen in the absorbance of the 60°C graph and the other two conditions is due to the lack of a cap to prevent evaporation in the 60°C data which altered the absorbance by lowering the solution level in the cuvette. Due to the long period of time (~50,000 seconds) required to induce aggregation by heat alone  (as it was previously mentioned, SOD1 is very thermostabile), it was decided that further aggregation assays would be performed using a lower pH as well as Heat or TFE. This was found to result in much faster aggregation, which is why the lower graphs only required 10,000 seconds for SOD1 to aggregate. 
  In nearly all observed aggregation cases a minor, but distinct, rise in absorbance was detected between 1500‐2000 seconds after aggregation was initiated. This absorbance increase is most easily visible in the lower graphs of Figure 3 due to the Time scale alteration described above. The pH and TFE induced aggregation shows the rise almost immediately after aggregation and the pH and Heat induced aggregation shows the rise occurring at ~1000 seconds and existing until ~2500 seconds. After, seeing this trend through the aggregation induction experiments and knowing that soluble oligomers should only exist transiently in the early stages of aggregation, it was decided that this time period, ~0‐3000 seconds specifically, would be the appropriate place to begin the hunt for soluble oligomers of SOD1. 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Chemically Crosslinking  
  Aggregation was induced and monitored using the above methods. At 300 or 500‐second intervals, a small aliquot of the mixture was removed and combined with Glutaraldehyde at a final concentration of 1%. The samples and they were denatured and run on gels to determine the various protein oligomerization levels by observing the difference in the mobility of each sample as compared to an non‐aggregated and crosslinked control. A gel displaying the characteristic results of these experiments are pictured in Figure 4.  
  The gel is full of smearing and does not show any distinct banding patterns. Despite the presence of a MW marker in the left‐most lane, no real inferences about the MW of the bands can be made since all of the bands lack distinct progression patterns. The strange blots visible at the bottom of the gel indicate the presence of a much lower weight molecule than monomeric SOD1, which cannot be readily explained. While high MW species appear to be seen in the samples containing aggregated SOD1, these same bands appear to exist in the control lane of crosslinked non‐aggregated protein. This suggests that the bands that were present were merely an artifact of the crosslinking process rather than aggregated forms of SOD1 prevented from denaturing by the crosslinking reaction. 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DISCUSSION 
Why hunt for soluble oligomeric species of SOD1 proteins?  
  ALS is a fatal and incurable neurodegenerative disease. It occurs throughout the people of the world at roughly equal rates with little to no selectivity for those whom it afflicts. ALS causes a rapid rate of degeneration often with death resulting in 5 years (or less) after the initial diagnosis. ALS has been studied for over 150 years and little progress has been achieved in finding a cause for the disease, and even less progress has occurred in finding a cure for ALS.  
  The relationship between SOD1 and fALS was established 17 years ago, and since then the mechanism behind this relationship has been sought. Countless hypotheses have been examined in the hope of finding a “smoking gun” for the selective decay of motor neurons in fALS. All of these studies were unsuccessful in determining the mechanism by which mutant SOD1 proteins led to the selective death of motor neuron cells. However, recent studies and findings have presented soluble oligomeric formations as a likely cause of the motor neuron toxicity. 
The Tools of the Hunt. 
  How to go about finding these species? This question has plagued many researchers. By nature, they exist only transiently in the early stages of aggregation and are likely unstable when removed from aggregating conditions; with an unknown size and shape and a lack of known characteristics, soluble oligomers are 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nearly impossible to screen for. The hunt for these forms of SOD1 is akin to finding a needle in a haystack. 
  However, there is a tool that was hypothesized to be able to assist in the isolation of these accumulations: chemical crosslinkers. Crosslinkers should allow for the rapid arrest of aggregation as well as prevent the oligomeric forms that have developed from dissociating when removed from the aggregating conditions.  
  Numerous crosslinkers exist and there was not enough time to test all of them for competency; So, Glutaraldehyde and EDC with Sulfo‐NHS were used as they were readily available and among the most commonly utilized of the crosslinking chemicals. Much time was spent fine‐tuning the conditions under which crosslinking would be undertaken to ensure we would obtain optimal results. Eventually it was decided that Glutaraldehyde was the more reliable of the two crosslinkers. Having calibrated the tools necessary for isolating soluble oligomeric SOD1 forms, it was necessary to determine when to hunt these forms.  
Where and When to Hunt for Soluble Oligomers? 
  As previously stated, such formations are, by nature, elusive and obscure. Isolating such forms is difficult without knowing the specifics of their structural characteristics. Regrettably such characteristics cannot be identified until the form is successfully isolated. It is an ironic extrapolation of the “Chicken or Egg?” paradox. Thus, an attempt to gain evidence of the existence of such forms as well as to gain a basic understanding of their molecular weight and size was undertaken. These 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formations must exist at some point during SOD1 aggregation, making this period the best time to hunt for them. 
  SOD1 aggregation is inadequately understood. The pathways by which it occurs are unknown and the mechanisms guiding it are equally mysterious. Thus, several means of initiating aggregation were monitored to determine whether they all achieved similar results in vitro. The characteristic initial increase in absorbance around 2000 seconds after initiation of aggregation was seen in nearly all cases of induced SOD1 aggregation. Therefore this was determined to be a likely point at which many SOD1 molecules were assuming higher MW forms, which led to this point being examined for the presence of soluble oligomeric forms of SOD1.  
The Hunt Continues 
  The results of these experiments demonstrate an unclear process, which has some flaws. There is not enough clear data to firmly establish the cause of these results. It seems likely that at least one major issue is occurring; Glutaraldehyde is likely forming intermolecular crosslinks between molecules rather than the desired intramolecular crosslinks. This would drastically convolute and distort the desired results. It was hoped that the Glutaraldehyde would, under the specific conditions adhered to, be forced to preferentially form Intramolecular crosslinks. The hope was that the Glutaraldehyde would preferentially form intramolecular crosslinks, which would establish a network of molecules that were linked together in a single oligomeric form that could not be dissociated by denaturing. This would allow clear discrete bands of various sizes to occur which would represent the various 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formations of SOD1 that were being created. This would allow the creation of an aggregation pathway that would identify the formations SOD1, and possibly other proteins, assume early on in the aggregation process. 
  Unfortunately, due to the random nature of Glutaraldehyde crosslinking, which occurs at any free amine group the molecule can access, it is likely that a random set of crosslinks occurred. This would allow the molecules to partially dissociate when placed under denaturing conditions, resulting in the smearing and random band shifts that were actually observed. The following diagram displays the desired results of these experiments as well as a possible explanation of the obtained results. 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DIAGRAM OF CROSSLINKING DURING SOD1 AGGREGATION  
   
    
  
 
   
 
Denaturing Conditions 
Addition of Heat, low pH or 15% TFE V/V 
 SOD1 molecules in a soluble oligomeric form.  SOD1 dissociates into its monomeric form. 
SOD1 forms insoluble aggregated forms. SOD1 molecules in solution.  
Addition of Glutaraldehyde to 1% V/V followed by denaturing conditions. 
Addition of Glutaraldehyde to 1% V/V. 
Denaturing conditions. 
Molecules dissociate into lower MW forms based on where Glutaraldehyde attached. ACTUAL 
RESULTS. 
Intra‐aggregate Crosslinking occurs preventing the dissociation of oligomers. 
DESIRED 
RESULTS. 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 Chemical Crosslinking is a novel method of isolating and examining the pathways by which aggregation occurs. This method was theorized to allow isolation and identification of the oligomeric state of proteins before they became insoluble. If successful, this would elucidate the pathways by which SOD1 aggregation occurs by allowing the identification of several of the intermediate steps of aggregation.  
  It was theorized that crosslinking would force the stabilization of these intermediate forms so that these molecules could be differentiated by molecular weight. However, this theory is not supported by the obtained results. Here it has been demonstrated that chemically crosslinking protein formations with Glutaraldehyde is not an effective method for differentiating such species because Glutaraldehyde cannot be induced to reliably crosslink in a specific manner. The random nature of the formation of such crosslinks prevents any of the resulting data from being meaningfully examined.  
  Perhaps with more time and research a method could be created in which crosslinking would be forced to happen in a selective manner as required by the experiment. Specifically, the use of a different crosslinker could increase the specificity of the experiment by making use of a different reactive group for crosslinking. Additionally, the induction of aggregation using the previously discussed methods can be examined to see if it assumes the same structures that have been observed in vivo. Finally, the differentiation could be performed using 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Size‐Exclusion Chromatography rather than electrophoresis which remove the need for denaturation form the experiments.  
  Thus, the hunt for soluble oligomers of SOD1 continues. Such protein studies dominate the field of ALS research as well as serve as one of the most promising subjects being examined for potential therapies. It is known that sod1 mutations encode for SOD1 mutants. It is known that SOD1 mutants infallibly cause fALS. All that remains is to determine how SOD1 mutants cause fALS.  
  As previously, noted ALS is inevitably fatal to any who contract it. It occurs ubiquitously throughout the world’s population and rapidly leads to the death of any person afflicted by it. This death is often the result of complications in the ability to respire. It is known that ALS causes the decay and eventual destruction of the motor neuron cells in a body but exactly what causes this effect has yet to be determined. 
  SOD1 mutants have been linked to Familial ALS for 17 years and still a clear mechanism by which this occurs has not been elucidated. Recent studies have focused upon  the formation of soluble oligomers of SOD1, which are difficult to detect, isolate, and characterize. In fact, studies relating to SOD1 oligomerization make up the majority of current studies; this is partially due to the elusive nature of these formations and partially due to many other theorized causes of motor neuron death being discredited.  
  Until these accumulations of SOD1 are isolated and characterized, it cannot even be said if they cause fALS. Soluble Oligomers remain one of the more likely 
  50 
theories behind fALS toxicity and that is predominantly why the above research was performed. Until the exact mechanism of ALS toxicity can be determined, no progress towards curing this disease can occur and that is the ultimate goal of all ALS analyses. 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FIGURES: 
Figure 1: Structures and Reaction Mechanisms of Crosslinking Agents 
     EDC (top‐lane, middle molecule) reacts with carboxylic acid groups forming an O‐acylisourea ester. This unstable form reacts with Sulfo‐NHS (middle‐lane, molecule on far right) to form a more stable NHS‐ester, which can react with primary amines to form a peptide bond. R and R2 may indicate either different molecules or different regions of the same molecule. Glutaraldehyde (bottom lane, leftmost molecule) reacts with any available primary amine groups, crosslinking them. 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a)                                                                             b)    
   c)        d)                                                                        e)                
Figure 2: Crosslinked SOD1 Gels 
Figure 2a: Crosslinked SOD1 [20 µM] using EDC [200 µM] with Sulfo-NHS [50 µM]. 
Samples were quenched with ß-mercaptoethanol [20 µM final] at 15 minute intervals 
after addition of EDC + Sulfo-NHS in lanes 1, 2, 3, 4, 5, and 6. Lane 7 contains 
crosslinker, buffer and no protein. Figure 2b: Same EDC with Sulfo-NHS concentrations 
as in 3a and an increased SOD1 [30 µM] amount. No crosslinking seen at all. Figure 2c: 
Samples of SOD1 [20 µM] crosslinked with Glutaraldehyde 1% V/V (left two lanes) and 
EDC with Sulfo-NHS (right two lanes). Uncross linked SOD1 in middle lane. Figure 2d: 
SOD1 [20 µM] crosslinked with Glutaraldehyde and quenched with Tris buffer at 15 
minute intervals in Lanes 2, 3, 5, 6, & 7. Lane 1 MW Marker. Lane 4 uncrosslinked 
SOD1. Figure 4e: Crosslinked SOD1 [20 µM] after crosslinked with various 
concentrations of Glutaraldehyde (Lane 1-1%, Lane 2-2%, Lane 3-5% V/V 
Glutaraldehyde).  
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FIGURE 3: Monitoring SOD1 Aggregation by 90º Light Scattering 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Figure 3: 90° Light Scattering data of AS-SOD1 aggregation. Top Graph: SOD1 
aggregation induced by raising temperature at 60º C. Bottom Graph: SOD1 aggregation 
induced by 15% V/V TFE and pH of 5.5 (in grey) and raising the temperature to 50°C 
and lowering the pH to 5.5 (in blue). 
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Figure 4: Results of Crosslinking SOD1 during Aggregation:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4: Gel showing the typical results of crosslinking SOD1 aggregates. 
Characteristic qualities to be noted: lack of discrete band patterns, uneven 
length of progression through the gel, and unexplained blots of low MW. 
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